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High-resolution relaxometry of ubiquitin
1. Detailed presentation of the shuttle system

Probe
The probe uses two coils to generate radiofrequency (7f) fields (B;). We chose saddle coils

that allow a vertical shuttle motion of the sample and resemble coils used in standard high-
resolution probes. The outer coil is matched to the 'H frequency, in order to minimize
mismatching of the 'H channel that may arise from inaccurate positioning of the shuttle and from
interactions between the sample and the electric component of the rf field. This outer coil is
doubly tuned for 'H (observation) and for “H (field-frequency lock). The inner coil is doubly
tuned for °C and "°N and oriented in such a manner that the 7f fields of the inner and outer coils
are orthogonal; see Fig. S1 B and C.

Special care was taken (Fig. SIB) to attenuate vibrations arising from shocks when the
shuttle is stopped suddenly at the upper and lower ends of its displacement. Careful investigations
of these effects were necessary to obtain lineshapes of similar quality as in standard high-
resolution NMR spectroscopy. A shielded z-gradient coil (Fig. S1 A and B) allows one to use
standard NMR experiments.

Figure S1: Schematic views of the upper part of the shuttle probe. A. Complete view. B. Exploded view.
C. Coil assembly with amorphous quartz shuttle container. (1) Shuttle touchdown pad. (2) Lower
attenuating connector. (3) Lower insert. (4) Thermal glass shield. (5) Guiding glass tube and outer »f coil.
(6) Guiding glass tube and inner rf coil. (7) Shuttle protection glass tube. (8) Glass gauge. (9) Vibration
damper. (10) Upper insert and second attenuating connector. (11) Z-gradient coil.

A vertical metal tube runs from the bottom of the probe to a position just below the rf

coils. This tube is used to insert or eject the shuttle container and to guide the shuttle stopper and

S3



High-resolution relaxometry of ubiquitin

the shuttle touchdown pad (Fig. S1B (1) top.) The shuttle stopper is fixed with two springs at the
bottom of the coaxial tube. The shuttle stopper and spring serve as shock absorbers that center the
shuttle container with respect to the rf coils (Fig. S1C). The “lower attenuating connector” marks
the transition between the central tube and the detection area at the top of the probe (Fig. S1B
(2).) A sensor was integrated in the lower attenuating connector to detect the mechanical position
of the shuttle container. A shuttle protection glass tube ensures that the shuttle container is
properly aligned (Fig. S1B (7).) The interconnection between the top of the probe and the shuttle
transfer system consists of an upper insert and a second attenuating connector (Fig. S1B (10).) An
O-ring (Fig. SIB (9)) inserted between the gradient system (Fig. S1B (11)) and the upper insert
further improves vibration damping.

The design of the rf circuit is similar to many high-resolution probes. Low-susceptibility
and/or susceptibility-compensated materials were selected, particularly for the coil and capacitor
wires and all surrounding components. As a result, the spectral resolution and line shape were
comparable to those of a standard 600 MHz high-resolution probe. However, as expected, the
NMR sensitivity of the shuttle probe is reduced by about an order of magnitude due to the lower

filling factor and reduced volume of the sample.

Shuttle transfer system
The shuttle transfer system allows one to stop the shuttle at a predetermined position at a

chosen height in the stray field above the magnetic center. The shuttle guide consists of a tube
connected to the top of the probe at its lower end, and to the top of the cryostat of the main
magnet at its upper end. At the top, a second tube, coaxial with the shuttle guide, is equipped with
a ‘stopper’ that prevents the shuttle container to move beyond a well-defined position. This inner
tube has been isolated from the outer one and a damping system has been designed to reduce
vibrations and shock-waves from the shuttle motion and sudden stop. Inside the stopper a second
optical sensor has been integrated to detect the precise position of the shuttle in the low field. The
position of the stopper was measured before and after the experiments to ensure that the value of

low

the magnetic field By”" was constant during the course of the experiment.
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Figure S2: Schematic view of the shuttle system: (1) Workstation; (2) Console; (3) Magnet; (4) Shuttle
probe; (5) Main shuttle control; (6) & (7) Shuttle control satellites; (8) Transfer system; (9) Shuttle
container; (10) & (11) Optical sensors and touchdown pads.

Shuttle controller unit
The pneumatic shuttle control consists of a main unit and two satellite units (Fig. S2). The

main unit is equipped with a microcontroller board which allows communication with the NMR
workstation and the spectrometer console, controls the valves and pressures, and allows one to
determine the position of the sample. In addition, a pneumatically driven vacuum pump generates
a suitable (under) pressure. The two satellites are equipped with a proportional pressure valve that
controls the shuttle motion and an optical sensor to detect the end positions of the shuttle. The
main unit is designed to be installed either next to the NMR workstation or to the spectrometer
console, while the two satellite units should be close to the magnet, one at the bottom, close to the
shuttle probe, and the other one at the top, close to the shuttle transfer system.

A simple script file is used to program the shuttle controller. This file lists pressure
settings for the transfers and at the two static positions. The pressure settings are kept constant
during each phase. The shuttle motion is activated by the TCU (timing control unit) of the
spectrometer and information from the optical sensors about the positions (top for low field,
bottom for high field) is sent back to the spectrometer. The shuttle controller creates a report in
the form of a table with the timing of all shuttle motions that can be displayed by the NMR

workstation.
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Shuttle container
The shuttle system was developed to withstand fast motions and strong shocks caused by

sudden stops. This is particularly important for the sample container (Fig. S3). A special synthetic
amorphous quartz was chosen for the glass parts (4) - (7) and a high performance polyimide resin
for the caps (1) + (2). Two O-rings (3) were integrated in the caps as dampers to reduce shocks to
the glass body. All of these materials have a low magnetic susceptibility to reduce distortions of

NMR signals.

o

(8)

Figure S3: Schematic view of shuttle container. A. Exploded view of all parts; B. Assembled shuttle
container with glass parts and sample in blue; (1) End plug; (2) Glass connector; (3) Shock and vibration
damper; (4) Bottom glass plug; (5) Shuttle glass tube; (6) Inner glass capillary; (7) Top glass capillary;
(V1) active sample volume. (V2) Total sample volume. C. Details of the upper part of the shuttle
container: (V3) Sample reservoir and bubble catcher; (8) Glue seal.
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The total sample volume (V2) is about is 110 uL, while the active volume (V1) of the
sample is about 60 pL. Once filled, the container is sealed with glue. The shuttle container has a
“bubble catcher” with a volume of about 10 uL to confine air bubbles that may appear in the
sample and to accommodate thermal expansion of the sample. Bubbles appearing in the active
volume of the sample can be easily centrifuged into the bubble catcher through a thin capillary. In

our hands the samples are stable for several hours, and bubbles are predominantly confined in the

bubble catcher.

2. Temperature Control

The sample temperature was monitored using chemical shifts differences of a few selected
pairs of residues in "H-""N HSQC spectra of ubiquitin: 5('H" L8)-5('H" V5), 8(‘"H" L8)-5('H"
144), 3('H" L8)-3('H" H68). These differences in chemical shifts were then fitted to a linear
function of the temperature. The table below summarizes the temperatures of all experiments

performed in our study.

Table S1: Sample temperature for different experiments

Experiment Field (T) Concentration (mM) Temperature (K)
R, 0.5 3 296.33
R, 0.74 3 297.09
R, 1 3 297.20
R, 14 3 296.06
R, 2 3 296.26
R, 3 3 296.59
R, 5 3 296.95
R, 14.1 0.2 296.39
R, 14.1 0.2 296 .45

NOE 14.1 0.2 296.52
N 14.1 0.2 296.39
n, 14.1 0.2 296.56
R, 14.1 3 296.62
R, 14.1 3 296.41

NOE 14.1 3 296.42
Ny 14.1 3 296.64
n, 14.1 3 296.64
R, 18.8 3 296.38
R, 18.8 3 296.46

NOE 18.8 3 296.38
N 18.8 3 296.49
n, 18.8 3 296 .46
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R, 223 3 298.53
R, 223 3 298.49
NOE 223 3 298.49
Ny 223 3 298.52
N, 223 3 298.51

The experiments at By = 22.3 T (950 MHz for 'H) were acquired at T = 298.5 K, about 2
K higher than all other experiments In order to correct for this temperature difference we used
experiments at 14.1T as a reference. Using a full set of relaxation rates (R;, Ry, NOE,
longitudinal 1, and transverse 1),, cross-correlations) we estimated the overall correlation times at
Bo = 14.1 T and By = 22.3 T. We assigned the variation of 1. to the change of viscosity of water
with temperature. Taking this effect into account, we corrected the experimental relaxation rates

observed at 22.3 T prior to analysis of the relaxation rates in terms of dynamics.

3. The ICARUS protocol

ICARUS is a MATLAB package for the Iterative Correction and Analysis of Relaxation
rates Under Shuttling which permits a quantitative analysis in terms of local dynamics of
longitudinal relaxation rates ("N R;) recorded at a series of low magnetic fields. In order to
achieve this, ICARUS is adapted from a well-known program developed for the analysis of high-
field nitrogen-15 relaxation, using model-free or extended model-free spectral density functions.
This package uses both ROTDIF' to obtain overall tumbling parameters and DYNAMICS * to fit

microdynamics parameters (S°, Tc, Tioc, S f, Tf)-

Spectral density functions

The spectral density functions J(w) used are:

S?7, (1—52)‘[3
1+(T0)?)  (1-(wTe)?)

(i) Model-free: J(w) =

(S1)

where $” is the generalized order parameter, 7. the overall isotropic rotational correlation time of
the molecule, and T, = 7,70/ (T. + Tioc) Where T;,. is a single effective correlation time that

describes all internal motions.
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R o) G
(1+(wTc)?) (1+((M;ff)2) (1+((M§ff)2)

(ii) Extended model-free: J(w) = (S2)

F = 1.7¢/ (1. +17) and rif I'= 1,1,/ (tc +15) where 7, (respectively 75 ) is the

with ‘r;f
correlation time for fast (respectively slow) internal motions. The generalized order parameter
can be expressed as a product S? = S7SZ where Sf and SZ are generalized order parameters
describing fast and slow motions. The models used in simulations of spin dynamics by ICARUS

always correspond to the model selected in the previous step by DYNAMICS.

Spin System
All simulations of spin dynamics were carried out for the following spin system

comprising one nitrogen-15 and 3 protons with the following distances and interactions:

Hw Hi w i
H H 0,,('H)=14.6 ppm
\ ‘/;,HH:Z1 A g . 0,,("H)=8.2 ppm
H . H : 0,,('"H)=2.1 ppm
[ dy=1.02 A
N N o("*N)=160 ppm

The relaxation matrix R was approximated by:

0 0o 0 0 0 0 0 0
-0y py oyy Oy O 0 o 0
—Oy owy Py Oy O 0 0 0O
~ —Ove 6y Oy pyg O o 0 o
R=1 69 5 0 0 p, 0 0 o0 (83)
-0y 0 0 o 0 pky 0 0
-6y o 0 0 0 0 p¥ 0
6%, 0 0 o 0 0 0 p¥

with®:
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1
P = 10 —ciy U(wy — wy) + 3/ (wy) + 6/ (wy + wy)]
+ E [CHxx2 + CHyyz - CHxxCHyy]](wH)
2
+ 25 chul](0) + 3] (wp) + 6 (2wp)]
1 2
PN =10 —ciyl)(wy — wy) + 3] (wy) + 6] (wy — wy)] + EQ%/]UUN)
3 2 3
Pne = T4 —ciy J(wy) + CN]((UN) +-= 10 iy ) (wy)

+ E [CHxx2 + CHyyz - CHxxCHyy]](wH)

2
+ 25 chnll(0) + 3/ () + 6] (2p)]

1

PIi-I 10 CNH U(wy — wy) + 3]/ (wy) + 6](wy + wy)]

+ E [CHxx2 + CHyyz - CHxxCHyy]](wH)

1
+ 15l + 3/ (wn) + 6/ 2wp)]

. 1 2 1
PNH = 10 —cul3/(wp)] + CN](G)N) + = 10 ciul3](wy)]
+ E [CHxx2 + CHyyz - CHxxCHyy]](wH)

+ 1_10 ciul/(0) + 3] (wy) + 6]/ 2wy)]

1
pH = 10 CNH U(wy — wy) + 3]/ (wy) + 6](wy + wy)]

+ E [CHxx2 + CHyyz - CHxxCHyy]](wH)
2
UET cinlJ(0) + 3] (wp) + 6] (2wy)]
w o __ 1 2 3 2 2 1 2 3
PNH = ECNH [ J(wy) + ECN]((‘)N) + ECNH( ]((UH))]

+ E [CHxx2 + CHyyz - CHxxCHyy]](wH)

1
+ 25 ChnlI(0) + 3/ () + 6] (2p)]
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ONyg = 10 CI%IH [6](wy + wy) — J(wy — wy)]

5H = E CNH [CHxx ]((‘)H)xx + CHyy ]((‘)H)yy]

6y = 10 cnuCn) (Wy)¢

1
o = = chull 2wy) — J(O)]

On=0On=Onu=0lg= 0%y =0"Ny=Oinu= 0;

[3 (Cos(,BHyy))Z—l]

2

[3(cos(BHxx))2 —1]

2

J(0y)xx = J(wy); ](wH)yy = J(wy)

(54)
wherecyy = UoYuYn /(8T diy), cyn = (MoYih/8m? dima cy = Aoywy, Chyy = Op(Oh,, —
Ou,,) and CHyy = Op (aHyy — On,,); Mo is the permittivity of free space; yy (yy) is the
gyromagnetic ratio of the proton (respectively of the nitrogen-15 nucleus); 4 is Planck’s constant;
wy (wy) is the Larmor frequency of the proton (respectively of the nitrogen-15); Aoy (=
160x10%ppm) is the average value of the anisotropy of the "N chemical shift (CSA);
oy, (= 14.6x10°ppm) , O, (= 8.2x10°ppm) and oy, (= 2.1x10°ppm) are the main
components of the 'H CSA tensors; dyy (= 1.02A) is the internuclear nitrogen-hydrogen
distance; dy; (= 2.1 A) is the effective distance between the proton H and the other two protons

(H' and H"). Bu ., (=901/180) and ,BHyy (= 991t/180) are the angles between the NH vector

and the respective components of the 'H CSA tensors.

First step of ICARUS

In a first step, ROTDIF and DYNAMICS are used to obtain hydrodynamic and
microdynamic parameters from high-field relaxation data ("N R;, R, and NOE at 14.1 T. 18.8 T
and 22.3 T) only (TABLE S2. see below). Using ROTDIF, the parameters of the overall

rotational diffusion tensor for an axially symmetric model were estimated from relaxation rates at

14.1 T (0.2 mM or 3 mM), 18.8 T (3 mM) and 22.3 T (3 mM) (Table S2.).

S11



High-resolution relaxometry of ubiquitin

Table S2: Parameters for the overall rotational diffusion tensor
Magnetic Field 141T 14.1T 18.8T 223 T*
Concentration 0.2 mM 3mM 3mM 3mM
T= (6Tr(D))" 422+0.15ns | 489+0.1ns | 484+02ns | 484+0.16ns

Dpar/Dper 1.22 £0.08 1.22+0.04 1.18+£0.08 1.20+0.07
0 112°+ 12° 112°+7° 120° £ 15° 119°+ 12°
) 157° £ 29° 157° £ 15° 155° + 36° 157° £27°

* Analysis carried out with temperature-corrected rates as explained in text.

Iterative analysis with ICARUS

The dynamic parameters obtained in the first step are used next to calculate the evolution
of each spin system during the transfer between the high- and low-field positions as well as
during the relaxation and stabilization delays (see Figure 3).

The elements of the relaxation matrix depend on the magnetic field. The transfer durations
shown in table S3 and Figure S4 have been determined by using optical sensors. The position of
the shuttle is described by a trajectory with a short lag time at the starting position followed by
motion at a constant speed of about 11 m/s. There is an additional pre-shuttling delay of 26 ms in
high field. In the simulations, the time-dependence of the populations is integrated along the
trajectory from the high- to the low-field positions.

To simulate relaxation during the transfer, a time-dependent relaxation matrix is derived
as a function of the position of the shuttle. The same approach is employed for relaxation during
the back-transfer from the low- to the high-field position, with a somewhat lower speed, also
assumed to be constant, of about 6.5 m/s. Relaxation during the stay at the low-field position is
also simulated. An additional 40 ms delay accounts for the minimum duration of the stay at the
low-field position. The last step is the calculation of the relaxation of the spin system during the

100 ms stabilization delay once the shuttle has returned to the high field position.

S12



High-resolution relaxometry of ubiquitin

[}
o
o

500
400 V
300 »
200

100

distance from high-field spot (mm)

. A [ . A
010 20 30 40 50 60 70
shuttling time (ms)

Figure S4: Correlation between the height above the high-field position and the shuttling time.
The speed of the shuttle is higher for the upward motion (v = 11 m/s) than for the downward
motion (v = 6.5 m/s). The correlation confirms that the velocity is constant after the initial time-
lag. (In practice, relaxometry data were often recorded with slightly different pneumatic settings,

which explains small variations between these data and those presented in Table S3.)

Table S3: Position and shuttling time used for

simulations
By (T) Position (cm) Shuttling time (ms)
5 27.1 41.1
3 31.1 44.1
2 344 46.4
1.4 37.35 48.3
1 39.8 49.9
0.75 42.55 51.6
0.5 46.2 53.7

All simulated relaxation decays were fitted to mono-exponential functions. The deviations
with respect to calculated longitudinal relaxation rates of nitrogen-15 nuclei are used to correct
the experimental relaxation rates. These rates are used, along with high field relaxation data ('°N
R; and "N {'H} NOE) as input for DYNAMICS in the subsequent steps of the ICARUS analysis.

The convergence of the analysis is fast for most residues, although up to four steps may

be required for all residues to converge. The final set of microdynamic parameters is given in
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Table S11. A flow-chart describing the program is shown in Figure S5.

Error evaluation

The determination of relaxation rates in low fields is more challenging than in high fields.
Our analysis takes some of the complexity of the spin systems into account, with approximate
evaluations of cross-relaxation pathways involving a manifold of interactions (proton-proton
dipole-dipole couplings, CSA tensors...). It is unlikely that spectral noise is the main source of
errors. In order to evaluate systematic errors, we implemented a jack-knife procedure. We have
carried out the ICARUS analysis for 7 sets of data. Each data set included the longitudinal
relaxation rates R; and NOE’s at high fields (14.1, 18.8, and 22.3 T) as well as the longitudinal
relaxation rates at 6 of the 7 low fields. Figures 4, S6-9 and Table S10 show averages of the
values obtained in the 7 ICARUS analyses of the jack-knife procedure. The errors are equal to the

standard deviations of these datasets multiplied by /(7 — 1).

Graphical output

After the final iteration of ICARUS, the user can visualize the updated results of
DYNAMICS and the latest set of corrections. Microdynamic parameters S*and S, Tioc, Rex, and
the model selected in DYNAMICS are indicated. In order to verify the quality of the analysis, the
R, values that have been ‘back-calculated’ by ICARUS can be compared with experimental rates
corrected for all residues at all fields (one figure for each field By). The other series of plots
displays R; values calculated by ICARUS and corrected experimental data at all fields for all

residues.

S14



High-resolution relaxometry of ubiquitin

High Field Relaxation Rates
R;, R, and NOE + pdb file

vy

RotDif

N

Rotational diffusion tensor

High Field Relaxation Rates
R;, R, and NOE + pdb file

i

A

DYNAMICS

N

[ Dynamics parameters
vy

~

ICARUS

g

%
Corrected relaxation rates

+ High Field R1 and NOE
+pdb file

( | ICARUS |
DYNAMICS

N

[ Dynamics parameters

A

e/

vy
Good convergence l

Plots of relaxation rates and
dynamics parameters

—

Figure S5: Flowchart for ICARUS.
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4. Order parameters and timescales of motions

Order parameters

S21.0 ; : ; ] . ‘
0.8
0.6

0.4

— Accelerated Molecular Dynamics
0.2} — Relaxometry with all fields -

0.0 L | . | i ; \
0 10 20 30 40 50 60 70 80

residue

Figure S6: Comparison of order parameters in human ubiquitin. (Black) Order parameters
derived from the analysis of an accelerated molecular dynamics trajectory”. (Green) Order

parameters from the analysis of relaxation rates measured at 10 different fields.

821-0 T T T T T T

0.8

0.6

0.4

— Relaxation at 14.1T (this study)

0.2 « 8% from extended model free (this study)
— Relaxation at 14.1T (published)

0.0 . L . l . ! .
0 10 20 30 40 50 60 70 80
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Figure S7: Comparison of order parameters in human ubiquitin. (Red) Order parameters S
obtained from our analysis of relaxation rates at 14.1 T only. (Blue) Order parameters derived
from the analysis of a different set of nitrogen-15 relaxation rates at 14.1 T.* (Green) Order
parameters of fast motions for an extended model-free spectral density function in the analysis by

DYNAMICS of relaxation rates recorded at 14.1 T only.
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Timescales of local motions

Tloc(ns)

residuie number
Figure S8: Timescales T, of local motions determined by the analysis of relaxation rates
measured at 10 different fields. The timescales displayed correspond either to T, for basic
model-free spectral density functions, or to ts for extended model-free spectral density functions.
The large error bars reflect the instabilities of the selected model when applying a jack-knife

analysis.

Tioc(NS)
5

=
1

40
residue number
Figure S9: Timescales T, of local motions determined by the analysis of relaxation rates
measured at 10 different fields. The data are the same as in Fig. S8, we only show residues for

which T is significant, with ATjee < Tioe/3.
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Transverse relaxation

-1
Rex(s4)

I J | ! I
Dynamics with data at 14.1, 18.8, and 22.3 T E

ICARUS with data at 10 fields
Analysis of CSA/DD cross-correlated relaxation

80

residue number
Figure S10: Contribution of chemical exchange rates R.x to transverse relaxation at 14.1 T

obtained with three different methods: (Green) method based on the measurement of longitudinal
and transverse cross-relaxation due to cross-correlation of fluctuations of the ’N chemical shift
anisotropy and the dipolar coupling with the attached proton’; (Red) R fitted by a conventional
analysis of relaxation at 14.1, 18.8, and 22.3 T with the program DYNAMICS; (Blue) Rex
calculated from transverse relaxation rates with the microdynamic parameters obtained in the

ICARUS analysis of relaxation rates observed at 10 magnetic fields.
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Comparison of order parameters
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Figure S11: Comparison of the order parameters of backbone N-H vectors in ubiquitin obtained
through a variety of methods. The order parameters obtained from the analysis of relaxation at 10
magnetic fields are shown on the x-axis for all plots. The y-axis displays order parameters
obtained by the following methods: (a) the analysis of residual dipolar couplings measured in 23
different alignment media with the SCRM approach;® (b) the analysis of 36 sets of dipolar

couplings with the SF-GAF approach;’ (c) an accelerated molecular dynamics trajectory of

Relaxometry

ubiquitin;® and (d) our analysis of relaxation at 14.1 T.

Table S4: Statistics

RMSD Correlation coefficient Regression
SCRM vs Relaxometry 0.0730 0.725 y =0.161+0.753x
GAF vs Relaxometry 0.0771 0.660 y =0.235+0.726x
AMD vs Relaxometry 0.0481 0.913 y = 0.086+0.948x
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Effective distance to neighboring protons
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Figure S12: Total effect of proton-proton dipolar interactions for amide protons in ubiquitin. We
show, for each amide proton the sum X 1/d®, where d; are the distances with all other protons in
the protein (the first model in the pdb file 1d3z was used). For comparison, horizontal lines show
the corresponding value 2/(duy)’ for the effective distances in the spin system with two
neighboring protons used in the ICARUS procedure:. Note that the value used in ICARUS, dun =
2.1 A, yields 2/(dun)® = 0.023 A, which is very close to 0.025 A, the median of the distribution

of values of 2 1/d; in ubiquitin.
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Figure S13: Dependence of order parameters upon the effective distance of neighboring protons

employed in the ICARUS analysis. (Top) Order parameters obtained with dyy = 2.1 A (same as
Fig. 4) are shown in purple, other curves represent order parameters obtained with dpyy = 1.7, 1.8,
1.9, 2.2, 2.4, and 2.6 A. With few exceptions, the order parameters increase with increasing
values of dyy. (Bottom) Order parameters obtained with dyy = 2.1 A (same as Fig. 4) are shown
in blue, with error intervals obtained from the jackknife analysis of ICARUS. The grey region
shows the interval between the maximum and minimum order parameters obtained in the

ICARUS analysis with the following values of duy = 1.7, 1.8, 1.9, 2.0, 2.2, 2.4, and 2.6 A.
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5. Relaxation data and parameters of local dynamics

Asp52 Gly75

Intensity (arbitrary units)

Intensity (arbitrary units)
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Figure S14: Relaxation decays and mono-exponential fits of a few signals at three representative
magnetic fields. Results of a single relaxation experiment (total duration 11 to 13 hours) are
shown for residues Thr9 (left); Asp52 (center); and Gly75 (right) at the following magnetic fields
By™: 5 T (top); 1.4 T (center); and 0.5 T (bottom). The solid lines show the results of mono-

exponential fit of the relaxation decays.
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High-resolution relaxometry of ubiquitin

Table S5: High field *°N relaxation rates for 3mM ubiquitin (pH = 4.5; see

table S1 for sample temperature)

14171 1417 1417
residue R: (s R; (s NOE
2 1.907 + 0.029 6.775 * 0.102 0.731 + 0.011
3 2.058 * 0.031 6.752 + 0.101 0.766 * 0.011
4 2.106 * 0.032 7.038 * 0.106 0.739 + 0.011
5 1.973 + 0.030 6.432 * 0.096 0.727 + 0.011
6 2.046 * 0.031 6.662 * 0.100 0.766 * 0.011
7 2.014 + 0.030 6.604 * 0.099 0.720 * 0.011
8 1.986 + 0.030 5936 * 0.089 0.630 * 0.009
9 1.876 + 0.028 5.889 * 0.088 0.594 + 0.009
10 1.963 + 0.029 5930 * 0.089 0.588 * 0.009
11 1.809 + 0.027 5.787 * 0.087 0.581 * 0.009
12 1.863 + 0.028 6.057 * 0.091 0.678 * 0.010
13 1.991 + 0.030 6.634 + 0.100 0.713 + 0.011
14 1.933 + 0.029 6.771 * 0.102 0.774 + 0.012
15 2.072 *+ 0.031 6.528 + 0.098 0.759 + 0.011
16 1.832 + 0.027 6.270 * 0.094 0.725 + 0.011
17 2.025 * 0.030 6.829 * 0.102 0.768 * 0.012
18 1.890 + 0.028 6.832 * 0.102 0.706 * 0.011
20 1.997 + 0.030 6.702 * 0.101 0.728 + 0.011
22 2.057 * 0.031 6.669 * 0.100 0.733 + 0.011
23 2.109 * 0.032 8.377 * 0.126 0.776 + 0.012
25 2.074 * 0.031 10.104 + 0.152 0.759 + 0.011
26 2.084 * 0.031 6.900 * 0.103 0.748 + 0.011
27 2.126 * 0.032 7.198 + 0.108 0.778 + 0.012
29 2.066 * 0.031 6.987 * 0.105 0.791 + 0.012
30 2.080 * 0.031 6.956 * 0.104 0.751 + 0.011
32 2.056 * 0.031 6.952 * 0.104 0.764 + 0.011
33 1.965 + 0.029 6.661 * 0.100 0.741 + 0.011
34 1.944 + 0.029 6.590 * 0.099 0.741 + 0.011
35 1.955 + 0.029 7.010 * 0.105 0.762 + 0.011
36 1.725 + 0.026 6.399 * 0.096 0.732 + 0.011
39 2.048 * 0.031 6.495 * 0.097 0.750 * 0.011
40 2.026 * 0.030 6.776 * 0.102 0.738 + 0.011
41 2.044 + 0.031 6.585 * 0.099 0.731 + 0.011
42 2.001 * 0.030 6.534 + 0.098 0.763 * 0.011
43 1.992 + 0.030 6.601 * 0.099 0.742 + 0.011
44 1.996 + 0.030 6.633 * 0.099 0.724 + 0.011
45 2.020 * 0.030 6.926 * 0.104 0.729 + 0.011
46 2.015 * 0.030 6.472 *+ 0.097 0.726 * 0.011
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Table S5 (continued): High-field N relaxation data for 3 mM ubiquitin (pH
=4.5; see table S1 for sample temperature)

188T 18.8T 18.8T
residue R: (s R; (s NOE

2 1.458 + 0.022 7.698 * 0.115 0.785 +* 0.0035
3 1.575 + 0.024 7.866 * 0.118 0.826 * 0.0039
4 1.617 + 0.024 7.615 * 0.114 0.832 + 0.0042
5 1.490 + 0.022 7.399 + 0.111 0.811 + 0.0038
6 1.580 + 0.024 7.652 * 0.115 0.821 + 0.0043
7 1.552 + 0.023 7.296 * 0.109 0.805 +* 0.0037
8 1.575 + 0.024 7.152 + 0.107 0.718 + 0.0031
9 1.514 + 0.023 7.015 * 0.105 0.657 + 0.0032
10 1.534 + 0.023 6.667 * 0.100 0.689 +* 0.0031
11 1.482 + 0.022 6.767 * 0.101 0.643 + 0.0026
12 1.474 + 0.022 7.355 + 0.110 0.730 * 0.0033
13 1.554 + 0.023 7.822 * 0.117 0.801 + 0.0044
14 1.482 + 0.022 7.541 + 0.113 0.816 * 0.0039
15 1.584 + 0.024 7.133 + 0.107 0.814 + 0.0037
16 1.360 + 0.020 7.435 * 0.112 0.784 + 0.0037
17 1.533 + 0.023 8.011 * 0.120 0.797 + 0.0039
18 1.418 + 0.021 7.817 * 0.117 0.796 +* 0.0041
20 1.539 + 0.023 7.649 * 0.115 0.805 +* 0.0036
22 1.579 + 0.024 8.696 * 0.130 0.811 + 0.0037
23 1.660 + 0.025 11.580 + 0.174 0.825 + 0.0043
25 1.610 + 0.024 10.524 + 0.158 0.830 * 0.0037
26 1.623 + 0.024 8.086 * 0.121 0.837 + 0.0033
27 1.609 + 0.024 8.253 * 0.124 0.838 + 0.0033
29 1.577 + 0.024 7.967 * 0.119 0.819 + 0.0034
30 1.618 + 0.024 8.003 * 0.120 0.824 + 0.0035
32 1.590 + 0.024 7.873 + 0.118 0.827 + 0.0030
33 1.522 + 0.023 7.427 + 0.111 0.813 + 0.0033
34 1.506 + 0.023 7.776 * 0.117 0.807 +* 0.0041
35 1.496 + 0.022 7.686 * 0.115 0.825 + 0.0039
36 1.330 + 0.020 7.287 * 0.109 0.816 * 0.0044
39 1.585 + 0.024 7.644 + 0.115 0.806 * 0.0028
40 1.569 + 0.024 7.750 * 0.116 0.813 + 0.0038
41 1.549 + 0.023 7.460 * 0.112 0.805 +* 0.0036
42 1.480 + 0.022 7.358 + 0.110 0.818 + 0.0040
43 1.485 + 0.022 7.329 + 0.110 0.811 + 0.0046
44 1.547 + 0.023 7.557 + 0.113 0.807 * 0.0042
45 1.546 + 0.023 7.542 + 0.113 0.844 + 0.0043
46 1.560 + 0.023 7.239 * 0.109 0.799 + 0.0039
47 1.478 + 0.022 7.544 + 0.113 0.783 + 0.0039
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Table S5 (continued): High-field “Nrelaxation rates for 3 mM ubiquitin (pH =
4.5; see table S1 for sample temperature)

223T 223T 223T
residue Ry (s R, (s™) NOE
2 1.332 + 0.007 8.327 + 0.042 0.810 + 0.008
3 1.440 + 0.007 8.343 + 0.043 0.850 + 0.009
4 1.450 + 0.007 8.630 + 0.038 0.855 + 0.009
5 1.307 + 0.007 7.629 + 0.041 0.852 + 0.009
6 1.429 + 0.007 8.291 + 0.041 0.845 + 0.008
7 1.405 + 0.007 8.231 + 0.037 0.824 + 0.008
8 1.463 + 0.007 7.468 + 0.038 0.772 + 0.008
9 1.398 + 0.007 7.552 + 0.037 0.709 + 0.007
10 1.401 + 0.007 7.360 * 0.037 0.718 + 0.007
11 1.392 + 0.007 7.426 * 0.036 0.704 + 0.007
12 1.325 + 0.007 7.277 * 0.044 0.768 + 0.008
13 1.391 + 0.007 8.849 + 0.042 0.827 + 0.008
14 1.350 + 0.007 8439 + 0.039 0.838 + 0.008
15 1.445 + 0.007 7.844 + 0.037 0.842 + 0.008
16 1.245 + 0.006 7.462 + 0.043 0.818 + 0.008
17 1.382 + 0.007 8.563 + 0.043 0.831 + 0.008
18 1.282 + 0.006 8.648 + 0.039 0.824 + 0.008
20 1.357 + 0.007 7.777 * 0.041 0.832 + 0.008
22 1.409 + 0.007 8.249 + 0.055 0.836 + 0.008
23 1.509 + 0.008 10.935 + 0.076 0.859 + 0.009
25 1.475 + 0.007 15.127 + 0.042 0.861 + 0.009
26 1.456 + 0.007 8.312 + 0.046 0.850 + 0.009
27 1.452 + 0.007 9.134 + 0.043 0.861 + 0.009
29 1.422 + 0.007 8.616 + 0.042 0.863 + 0.009
30 1.455 + 0.007 8.381 + 0.044 0.851 + 0.009
32 1.446 + 0.007 8.737 + 0.041 0.857 + 0.009
33 1.381 + 0.007 8.281 + 0.039 0.830 + 0.008
34 1.348 + 0.007 7.785 * 0.046 0.832 + 0.008
35 1.331 + 0.007 9.115 + 0.041 0.851 + 0.009
36 1.213 + 0.006 8.115 + 0.040 0.852 + 0.009
39 1.470 + 0.007 8.001 + 0.042 0.836 + 0.008
40 1.406 + 0.007 8.370 + 0.041 0.841 + 0.008
41 1.401 + 0.007 8.215 + 0.038 0.836 + 0.008
42 1.366 + 0.007 7.692 + 0.041 0.837 + 0.008
43 1.327 + 0.007 8.114 + 0.039 0.849 + 0.008
44 1.348 + 0.007 7.738 + 0.044 0.854 + 0.009
45 1.412 + 0.007 8.761 + 0.039 0.859 + 0.009
46 1.393 + 0.007 7.788 + 0.037 0.818 + 0.008
47 1.380 + 0.007 7.357 + 0.043 0.809 + 0.008
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Table S6: High-field N relaxation rates for 0.2 mM ubiquitin (pH = 4.5; see

table S1 for sample temperature)

1417 1417 1417
residue R: (s R; (s NOE
2 2.042 * 0.006 5972 = 0.064 0.689 * 0.020
3 2.131 * 0.007 6.095 = 0.072 0.700 * 0.023
4 2.350 * 0.009 6.556 + 0.085 0.721 + 0.027
5 2.103 * 0.008 5.809 = 0.073 0.787 * 0.024
6 2.207 * 0.008 5.967 = 0.077 0.723 + 0.024
7 2.196 * 0.007 5970 = 0.070 0.711 + 0.023
8 2.133 * 0.006 5.402 = 0.057 0.601 + 0.018
9 1.906 + 0.007 5.352 = 0.067 0.557 + 0.019
10 2.075 * 0.006 5.113 + 0.058 0.556 * 0.018
11 1.930 + 0.005 5.077 = 0.049 0.587 * 0.016
12 1.982 + 0.006 5.433 = 0.062 0.632 * 0.020
13 2.155 * 0.008 6.173 = 0.080 0.780 * 0.026
14 2.093 * 0.007 5983 + 0.069 0.709 * 0.022
15 2.219 * 0.008 5.729 = 0.071 0.718 + 0.023
16 1.941 + 0.006 5.556 + 0.062 0.703 * 0.022
17 2.171 + 0.008 6.403 = 0.076 0.688 * 0.023
18 2.145 + 0.007 5976 = 0.073 0.706 * 0.023
20 2.103 * 0.007 5919 = 0.067 0.692 + 0.020
22 2.197 * 0.007 5.757 = 0.070 0.739 + 0.022
23 2.278 * 0.008 7.109 = 0.085 0.750 * 0.022
25 2.232 + 0.007 8.959 + 0.082 0.776 * 0.022
26 2.242 * 0.006 6.052 = 0.060 0.742 + 0.020
27 2.245 + 0.007 6.637 = 0.065 0.787 + 0.021
29 2.183 * 0.006 6.150 = 0.062 0.768 * 0.021
30 2.191 * 0.007 6.362 + 0.067 0.728 + 0.020
32 2.206 * 0.005 6.202 + 0.052 0.741 + 0.018
33 2.088 * 0.006 5.883 + 0.057 0.722 + 0.019
34 2.063 * 0.008 6.067 = 0.075 0.662 * 0.025
35 2.118 * 0.007 6.252 + 0.074 0.707 + 0.021
36 1.849 + 0.008 5.819 = 0.092 0.670 * 0.038
39 2.196 * 0.005 5.768 + 0.048 0.718 + 0.016
40 2.168 * 0.007 5.990 = 0.070 0.718 + 0.023
41 2.129 * 0.007 5.793 = 0.069 0.711 + 0.023
42 2.149 + 0.008 5.768 = 0.074 0.802 * 0.026
43 2.184 + 0.009 5.742 = 0.085 0.697 + 0.027
44 2.161 * 0.008 5.698 + 0.078 0.744 + 0.026
45 2.296 * 0.008 6.456 = 0.077 0.663 * 0.024
46 2.156 * 0.007 5.830 = 0.071 0.660 * 0.021
47 2.062 * 0.007 5.677 = 0.069 0.731 + 0.022
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5.418
5.693
5.857
5.844
6.203
6.388
5.988
6.006
5.820
5.882
6.058
4.981
5.948
5.717
5.942
5.724
5.798
5.941
6.689
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2.829
1.853
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0.075
0.083
0.051
0.068
0.085
0.073
0.056
0.074
0.064
0.069
0.066
0.050
0.080
0.059
0.078
0.084
0.077
0.088
0.058
0.029
0.028

0.022

0.708
0.625
0.748
0.774
0.737
0.751
0.737
0.759
0.794
0.778
0.702
0.745
0.516
0.749
0.719
0.787
0.705
0.700
0.732
0.764
0.716
0.069
-0.287
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I+

I+

I+

I+
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0.027
0.017
0.023
0.025
0.022
0.018
0.025
0.019
0.023
0.019
0.018
0.024
0.020
0.024
0.024
0.025
0.028
0.022
0.012
0.012

0.013
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High-resolution relaxometry of ubiquitin

Table S7: Uncorrected low-field N relaxation rates for 3 mM ubiquitin (pH = 4.5; see table S1 for sample temperature)

5T 3T 2T 14T
residue Ry (s Ry (s7) Ri(s?) Ri(s?)
2 4,169 =+ 0.089 5.796 0.108 7.364 + 0.158 8.539 0.151
3 4469 + 0.107 6.066 = 0.128 7.598 + 0.190 9.534 0.197
4 4531 0.140 6.074 = 0.150 7.719 £ 0.217 9.630 =+ 0.258
5 4,122 + 0.103 5.769 0.127 7.453 + 0.189 9.079 0.191
6 4418 + 0.113 5.943 0.138 7.310 0.194 9.608 + 0.218
7 4259 + 0.102 5.788 + 0.118 7.744 + 0.178 9.180 =+ 0.183
8 4.025 + 0.081 5.374 0.094 6.927 = 0.136 8.270 0.125
9 3.702 0.075 4982 + 0.084 6.179 = 0.114 7.286 + 0.113
10 3.672 = 0.067 4,985 + 0.080 6.245 £ 0.109 7.443 + 0.112
11 3.475 = 0.060 4,806 =+ 0.067 5.759 £ 0.088 7.083 + 0.086
12 3.779 = 0.077 5.448 + 0.092 6.378 = 0.125 8.028 + 0.132
13 4.058 + 0.111 5.872 0.136 7.345 0.196 9.223 0.204
14 4206 + 0.094 5.818 + 0.112 7.358 + 0.160 9.198 + 0.168
15 4242 + 0.102 5.951 0.125 7.259 £ 0.177 9.298 + 0.195
16 4,156 + 0.091 5.724 0.107 7.234 0.156 8775 £ 0.156
17 4296 + 0.108 5.963 0.132 7.637 0.195 9.044 + 0.198
18 4476 + 0.127 6.201 = 0.132 7.577 % 0.190 9.454 + 0.204
20 4226 + 0.092 5.869 + 0.107 7.233 0.155 9.015 0.152
22 4335 + 0.104 6.054 = 0.122 7.283 + 0.174 8.986 + 0.176
23 4,480 =+ 0.124 6.373 = 0.159 7.368 + 0.226 9.338 0.232
25 4,568 + 0.105 6.209 = 0.127 7.508 + 0.185 8.983 + 0.182
26 4,507 = 0.098 6.036 = 0.117 7.586 + 0.174 9.467 0.168
27 4,669 + 0.105 6.058 = 0.126 7.790 £ 0.188 9.579 0.184
29 4,428 + 0.101 6.160 = 0.126 7.853 + 0.187 9.188 + 0.175
30 4,753 + 0.112 6.106 = 0.133 7.510 =+ 0.194 9.909 0.195
32 4479 + 0.090 6.034 = 0.108 7.557 % 0.161 9.087 0.146
33 4.090 = 0.088 5.767 0.105 7.144 + 0.149 8.831 0.148
34 4229 + 0.121 5.993 0.142 7.535 £ 0.209 9.450 + 0.224
35 4,258 + 0.123 6.359 = 0.151 8.600 =+ 0.242 9.934 0.234
36 3.720 = 0.126 5.679 0.113 6.940 = 0.159 8.229 0.350
39 4,162 + 0.078 5711 0.091 7.057 £ 0.130 8.544 + 0.124
40 4452 + 0.109 6.085 = 0.130 7.600 =+ 0.189 8.873 + 0.189
41 4351 £ 0.106 5.931 0.128 7.659 £ 0.190 8.960 + 0.188
42 4347 + 0.116 6.214 £ 0.137 7.530 £ 0.196 9.170 0.204
43 4436 + 0.121 5.873 0.148 7.776 £ 0.219 9.532 0.240
44 4434 + 0.120 6.077 = 0.148 7.874 + 0.224 9.840 =+ 0.237
45 4206 + 0.113 5.992 0.143 7.641 + 0.217 10.185 + 0.239
46 4,102 + 0.099 5711 0.120 6.980 = 0.167 8.782 + 0.168
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0.034
0.027
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5.627
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6.142
5.935
5.847
5.835
6.082
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5.966
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5.981
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0.118
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0.033
0.026
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6.932
7.338
6.941
7.766
7.445
7.151
7.053
7.565
7.577
7.058
7.347
7.286
7.687
6.598
7.574
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7.370
7.404
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7.849
7.011
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0.214
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0.141
0.140
0.238
0.145
0.182
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0.205
0.224
0.139
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0.028
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8.544
8.785
7.811
8.868
9.336
8.602
8.760
9.161
10.043
8.986
9.266
8.711
9.392
7.869
9.198
9.757
8.815
9.020
9.017
8.743
9.181
8.357
4.585
2.897
1.664
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0.219
0.125
0.166
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0.220
0.140
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0.173
0.193
0.143
0.130
0.244
0.145
0.196
0.223
0.206
0.225
0.143
0.038
0.027
0.018
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High-resolution relaxometry of ubiquitin

Table S7 (continued) : Uncorrected low-field N relaxation rates for 3 mM ubiquitin (pH = 4.5; see table S1 for sample temperature)

1T 0.74T 05T
residue Ry (s R; () Ri(s")
2 10.078 0.227 12.766 0.390 13.278 0.546
3 10.904 0.288 13.579 0.493 14.810 0.729
4 10.435 0.386 11.813 0.603 14.744 0.851
5 10.798 0.282 12.676 0.475 14936 0.727
6 11.938 0.320 12.602 0.528 13.585 0.734
7 10.747 0.272 12.500 0.475 13.677 0.607
8 9.776 £ 0.194 11.654 0.312 13.098 0.452
9 8.494 £ 0.167 9.448 0.260 10.733 0.350
10 8314 + 0.165 11.283 0.285 12.019 0.358
11 8.522 0.131 9.754 0.204 11.095 =+ 0.285
12 9.215 + 0.187 11.467 £ 0.300 13.026 0.445
13 10.596 0.304 12.016 0.492 14.297 0.724
14 9.173 0.233 12.452 0.399 13.812 0.571
15 10.668 0.272 13.393 0.464 14535 0.700
16 10.133 0.223 13.153 0.391 12.659 0.539
17 10.148 0.278 12.210 0.466 14.611 0.721
18 12.195 0.340 13.623 0.557 15.289 0.762
20 10.711 0.226 11.731 0.372 13.815 0.575
22 10.702 0.274 12.863 0.451 14.294 0.649
23 10.847 0.364 14.190 0.617 14571 0.890
25 10.800 0.287 13.184 0.486 15.270 0.703
26 11.651 0.271 14.434 0.455 14.048 0.645
27 13.037 0.318 15.125 0.536 15.640 0.740
29 11.281 0.276 11.510 0.435 15917 0.738
30 10.478 0.289 13.276 0.499 15.291 0.764
32 10.671 0.232 12.250 0.378 14.780 0.594
33 9.891 ¢ 0.216 12.756 0.368 13.280 0.541
34 12.065 0.350 13.496 0.577 15.906 0.808
35 11.492 0.338 13.059 0.575 16.538 1.019
36 11.168 0.492 11.880 0.720 14936 0.630
39 9.839 ¢ 0.191 11.588 0.316 13.743 0.475
40 10.459 0.286 14370 0.512 14.412 0.704
41 11.554 0.303 14.579 0.507 14.923 0.705
42 10.783 0.303 13.572 0.529 14.220 0.746
43 12.209 0.382 12.618 0.586 14.148 0.844
44 10.646 0.326 14.533 0.588 14.865 0.858
45 11.669 0.376 13.208 0.627 14.194 0.780
46 11.300 0.267 12.753 0.446 13.046 0.597
47 10.243 0.239 12.560 0.388 12.799 0.571
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High-resolution relaxometry of ubiquitin

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.219
0.175
0.314
0.347
0.204
0.257
0.298
0.353
0.224
0.284
0.264
0.295
0.206
0.204
0.362
0.218
0.296
0.347
0.325
0.333
0.210
0.053
0.037
0.024
0.227

11.444
10.732
12.918
13.925
12.340
12.467
14.092
13.128
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0.365
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13.541
13.784
14.281
16.882
14.043
14.993
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14.223
13.055
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0.677
0.738
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0.499
0.932
0.511
0.671
0.817
0.831
0.827
0.476
0.096
0.061
0.040
0.546
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Table S8: Corrected low-field *°N relaxation rates for 3 mM ubiquitin (pH = 4.5; see table S1 for sample temperature)

residue

N

O 0O N o U»u b~ W

11
12
13
14
15
16
17
18
20
22
23
25
26
27
29
30
32
33
34
35
36
39
40
41
42
43
44
45
46
47

High-resolution relaxometry of ubiquitin

5T 3T 2T 1.47
Ra(s”) Ru(s™) Ru(s™) Ra(s”)
4545 + 0.097 6.089 + 0.113 7.740 = 0.166 9.141 + 0.162
4897 + 0.117 6.374 + 0.134 7.967 + 0.199 10.204 + 0.211
4970 + 0.153 6.384 + 0.157 8.097 + 0.228 10.310 + 0.276
4502 + 0.113 6.056 + 0.133 7.815 + 0.198 9.708 + 0.205
4838 + 0.124 6.250 + 0.145 7.688 + 0.204 10.308 + 0.234
4654 + 0.112 6.082 + 0.124 8.135 + 0.187 9.830 + 0.196
4384 + 0.089 5.653 + 0.099 7.297 + 0.143 8.867 +  0.134
4.022 + 0.081 5.238 + 0.089 6.517 + 0.120 7.820 + 0121
3.988 + 0.073 5.242 + 0.084 6.579 + 0.115 7.974 + 0.120
3.773 + 0.065 5.056 + 0.070 6.084 + 0.093 7.612 + 0.092
4115 + 0.084 5.719 + 0.097 6.703 + 0.131 8.597 + 0.142
4431 + 0.122 6.170 + 0.143 7.714 + 0.206 9.873 + 0.218
4594 + 0.103 6.112 + 0.118 7.731 = 0.168 9.853 + 0.180
4643 + 0.112 6.263 + 0.131 7.647 + 0.186 9.987 + 0.210
4532 + 0.099 6.007 + 0.112 7.590 + 0.164 9.386 + 0.167
4694 + 0.119 6.271 + 0.139 8.034 + 0.205 9.694 +  0.212
4890 + 0.139 6.510 + 0.139 7.945 + 0.199 10.111  + 0.218
4616 + 0.100 6.166 + 0.113 7.597 + 0.162 9.651 + 0.163
4741 + 0.113 6.366 + 0.128 7.659 + 0.183 9.632 + 0.189
4915 + 0.136 6.700 + 0.168 7.730 = 0.237 10.000 + 0.248
5.007 + 0.115 6.524 + 0.133 7.873 = 0.194 9.615 +  0.194
4942 + 0.107 6.342 + 0.123 7.956 + 0.183 10.133 + 0.180
5.123 + 0.115 6.368 + 0.132 8.172 + 0.197 10.258 + 0.197
4850 + 0.110 6.481 + 0.132 8.264 + 0.197 9.863 + 0.188
5209 + 0.123 6.423 + 0.140 7.898 + 0.205 10.631 + 0.210
4904 + 0.098 6.337 + 0.113 7.921 + 0.168 9.720 + 0.156
4.467 + 0.096 6.062 + 0.110 7.514 + 0.156 9.467 + 0.158
4624 + 0.132 6.293 + 0.149 7.900 + 0.219 10.108 + 0.240
4661 + 0.135 6.682 + 0.158 9.024 + 0.254 10.634 + 0.250
4.051 + 0.137 5956 + 0.118 7.278 + 0.167 8.794 + 0374
4549 + 0.085 6.013 + 0.096 7.445 + 0.137 9.185 + 0.133
4869 + 0.119 6.395 + 0.137 7.982 + 0.199 9.502 + 0.203
4758 + 0.116 6.231 + 0.135 8.038 + 0.200 9.590 + 0.201
4757 + 0.126 6.524 + 0.144 7.891 + 0.206 9.806 + 0.219
4852 + 0.133 6.165 + 0.155 8.150 + 0.229 10.194 + 0.256
4850 + 0.132 6.382 + 0.155 8.257 + 0.235 10.527 + 0.254
4608 + 0.123 6.295 + 0.151 8.011 + 0.227 10.897 + 0.255
4479 + 0.108 6.001 + 0.126 7334 + 0.175 9.404 + 0.180
4500 + 0.104 5953 + 0.121 7.278 + 0.171 9.141 + 0171
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4.445
4.163
4.842
4.609
4.614
4.550
4.705
4.927
4.775
4.691
4.564
4.915
4.110
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4.869
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0.095
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0.133
0.130
0.133
0.085
0.037
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5.912
5.662
6.456
6.230
6.130
6.130
6.392
6.329
6.263
6.090
5.958
5.922
5.444
6.281
6.524
6.117
6.091
6.259
6.448
6.487
5.628
3.352
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0.100
0.120
0.148
0.155
0.108
0.140
0.124
0.138
0.107
0.101
0.168
0.110
0.132
0.157
0.153
0.158
0.100
0.036
0.027

0.019

7.713
7.284
8.158
7.809
7.491
7.410
7.947
7.950
7.395
7.719
7.635
8.087
6.924
7.950
7.964
7.417
7.735
7.761
7.847
8.246
7.369
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2.682
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0.213
0.142
0.166
0.214
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0.148
0.198
0.184
0.214
0.148
0.147
0.250
0.152
0.191
0.222
0.215
0.235
0.146
0.043
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0.020

9.406
8.346
9.496
9.984
9.186
9.382
9.810
10.756
9.609
9.922
9.315
10.076
8.410
9.842
10.459
9.422
9.653
9.645
9.348
9.838
8.944
4.931
3.125

1.793

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.163
0.122
0.220
0.234
0.133
0.178
0.222
0.236
0.150
0.212
0.185
0.207
0.153
0.140
0.262
0.155
0.209
0.239
0.221
0.241
0.153
0.040
0.029

0.019
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Table S8 (continued): Corrected low-field N relaxation rates for 3 mM ubiquitin (pH = 4.5; see table S1 for sample temperature)

residue

u A~ W N

10
11
12
13
14
15
16
17
18
20
22
23
25
26
27
29
30
32
33
34
35
36
39
40
41
42
43
44
45
46
47

High-resolution relaxometry of ubiquitin

1T

0.74T

0.5T

Rl(S-l)

Rl(S-l)

Rl(S-l)

11.041
11.987
11.477
11.843
13.120
11.791
10.708
9.295

9.090

9.326

10.094
11.621
10.062
11.722
11.104
11.132
13.383
11.747
11.747
11.933
11.873
12.810
14.343
12.400
11.519
11.723
10.849
13.244
12.623
12.222
10.802
11.481
12.685
11.842
13.408
11.691
12.824
12.391
11.222

*

*

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.249
0.316
0.424
0.309
0.351
0.298
0.212
0.183
0.180
0.144
0.205
0.333
0.255
0.299
0.244
0.305
0.373
0.248
0.301
0.401
0.316
0.298
0.350
0.304
0.318
0.255
0.237
0.385
0.371
0.539
0.210
0.314
0.333
0.333
0.419
0.358
0.413
0.293
0.261

14.214
15.204
13.234
14.151
14.076
13.950
12.960
10.477
12.515
10.805
12.757
13.404
13.882
14.941
14.657
13.613
15.221
13.084
14.353
15.901
14.763
16.165
16.949
12.855
14.839
13.707
14.215
15.084
14.602
13.221
12.903
16.048
16.290
15.181
14.113
16.251
14.785
14.221
13.994

*

*

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.434
0.552
0.676
0.530
0.590
0.530
0.347
0.288
0.317
0.226
0.333
0.548
0.444
0.517
0.436
0.520
0.623
0.415
0.503
0.691
0.545
0.509
0.601
0.486
0.558
0.422
0.410
0.644
0.643
0.801
0.352
0.572
0.566
0.592
0.656
0.657
0.702
0.498
0.433

14.922
16.740
16.671
16.835
15.305
15.405
14.695
11.998
13.449
12.381
14.619
16.099
15.537
16.348
14.238
16.436
17.247
15.554
16.093
16.480
17.261
15.881
17.689
17.926
17.240
16.696
14.928
17.949
18.667
16.782
15.422
16.244
16.833
16.058
15.976
16.781
16.040
14.683
14.396

*

*

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.614
0.824
0.962
0.820
0.826
0.683
0.507
0.391
0.401
0.318
0.499
0.815
0.643
0.787
0.606
0.811
0.860
0.648
0.730
1.007
0.795
0.730
0.837
0.831
0.862
0.671
0.608
0.912
1.150
0.707
0.533
0.793
0.796
0.842
0.953
0.968
0.882
0.672
0.643
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48
49
50
51
52
54
55
56
57
59
60
61
62
63
64
65
66
67
68
70
71
74
75
76

11.478
10.172
11.687
13.010
11.109
12.027
11.993
13.265
11.431
10.766
11.228
12.437
9.559
11.362
12.534
11.008
12.619
12.871
12.531
12.497
10.860
5.102
3.457

1.934

High-resolution relaxometry of ubiquitin

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.241
0.191
0.345
0.381
0.223
0.282
0.327
0.389
0.246
0.312
0.289
0.324
0.225
0.224
0.398
0.239
0.325
0.381
0.357
0.365
0.230
0.057
0.040

0.026

12.748
11.934
14.423
15.541
13.758
13.897
15.730
14.714
13.541
13.969
15.272
15.410
11.100
14.357
15.684
13.403
14.059
15.024
14.396
14.153
12.561
6.405
3.684

2.009

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.384
0.313
0.580
0.645
0.371
0.457
0.602
0.628
0.408
0.537
0.499
0.539
0.360
0.389
0.675
0.404
0.527
0.647
0.577
0.609
0.375
0.089
0.059

0.039

15.226
14.319
17.354
16.456
15.246
15.506
16.090
19.096
15.857
16.882
16.585
15.905
13.114
15.274
18.087
14.789
16.577
15.954
17.133
16.037
14.666
6.854
3.955

2.156

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.585
0.466
0.916
0.860
0.563
0.675
0.847
1.030
0.590
0.833
0.764
0.831
0.532
0.562
1.051
0.577
0.756
0.923
0.939
0.933
0.535
0.106
0.067
0.043
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High-resolution relaxometry of ubiquitin

Table S9: Parameters of local dynamics in for 3 mM ubiquitin (pH = 4.5; see table
S1 for sample temperature) derived from high-field relaxation data (14.1T)

residue

v A W N

O 00 N O

11
12
13
14
15
16
17
18
20
22
23
25
26
27
29
30
32
33
34
35
36
39
40
41
42
43
44
45
46
47
48
49

2

S St Tioc

0.833 + 0.00924 1 + 0.02935 * 0.00519
0.873 = 0.00922 1 + 0.00000 * 0.00000
0.899 + 0.00964 1 + 0.04223 + 0.01110
0.832 + 0.00846 1 + 0.02862 * 0.00562
0.869 + 0.00944 1 + +

0.851 + 0.00937 1 + 0.03672 * 0.00672
0.709 = 0.01968 0.8788 * 0.0109 1.18833 + 0.16592
0.761 + 0.00821 1 + 0.06472 * 0.00460
0.779 = 0.00850 1 + 0.07630 * 0.00560
0.735 = 0.00802 1 + 0.06026 * 0.00371
0.779 = 0.00851 1 + 0.03777 % 0.00395
0.848 + 0.00865 1 + 0.03941 * 0.00660
0.851 + 0.00805 1 + +

0.767 = 0.02566 0.8791 * 0.0110 3.55937 + 0.73535
0.785 + 0.00815 1 + 0.02374 + 0.00382
0.871 = 0.00954 1 + 0.00000 * 0.00000
0.830 + 0.00898 1 + 0.04024 + 0.00541
0.854 + 0.00906 1 + 0.03279 * 0.00658
0.865 + 0.00931 1 + 0.03400 * 0.00708
0.901 + 0.01379 1 + +

0.906 + 0.01342 1 + +

0.888 + 0.00950 1 + 0.02996 * 0.00937
0.922 + 0.00957 1 + +

0.893 + 0.00975 1 + +

0.896 = 0.00924 1 + +

0.887 = 0.00956 1 + +

0.845 + 0.00903 1 + 0.02424 + 0.00611
0.843 + 0.00870 1 + +

0.868 + 0.00905 1 + +

0.770 = 0.00824 1 + 0.01863 * 0.00343
0.789 + 0.02653 0.8766 * 0.0110 2.39826 + 0.80415
0.852 + 0.01195 1 + 0.02680 * 0.00669
0.858 + 0.00932 1 + 0.03246 * 0.00668
0.850 + 0.00910 1 + 0.01188 + 0.00508
0.855 + 0.00863 1 + +

0.850 + 0.00921 1 + 0.03352 * 0.00668
0.848 + 0.01211 1 + 0.03094 + 0.00636
0.844 + 0.00923 1 + 0.03185 * 0.00626
0.814 + 0.00873 1 + 0.01669 * 0.00468
0.827 + 0.01311 1 + 0.01873 * 0.00526
0.780 = 0.00790 1 + 0.04624 + 0.00403
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50
51
52
54
55
56
57
59
60
61
62
63
64
65
66
67
68
70
71
74
75
76

High-resolution relaxometry of ubiquitin

0.861
0.812
0.809
0.827
0.855
0.897
0.869
0.853
0.878
0.872
0.731
0.843
0.821
0.881
0.842
0.857
0.857
0.874
0.819
0.208
0.092

0.056

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.00891
0.00889
0.00839
0.01255
0.01247
0.00940
0.00913
0.00918
0.00962
0.00947
0.00751
0.00957
0.02633
0.00953
0.00881
0.00902
0.00921
0.01295
0.00933
0.01148
0.00776

0.00466

0.7810
0.6871

0.5334

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

+

+

0.0106

0.0104
0.0091

0.0079

0.03815

0.03329

0.01866
0.03449
0.01689
0.01704

0.01890
0.05206
0.00000
1.95872

0.02788

0.02666
0.02993
1.11704
0.88851

0.66351

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.00714

0.00482

0.00492
0.00704
0.00834
0.00649

0.00675
0.00326
0.00000
0.73543

0.00581

0.00802
0.00508
0.02375
0.01440

0.01104
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High-resolution relaxometry of ubiquitin

Table S10: Parameters of local dynamics in 3 mM ubiquitin (pH = 4.5; T = 296.5 K) derived from high-field relaxation data (14.1; 18.8; and 22.3

residue

2

u b~ W

O 0 N O

11
12
13
14
15
16
17
18
20
22
23
25
26
27
29
30
32
33
34
35
36
39
40
41
42
43
44
45
46
47
48
49

7
s s Tioc Thoe
0.836 + 0.890 0.885 + 0.546 0.759 + 0.132 +
0.845 + 0.139 0.966 + 0.581 2.517 + 0.544 +
0.890 + 0.187 0.924 + 0.568 1.721 + 0.516 +
0.839 + 0.644 0.858 + 0.548 0.449 + 0.155 +
0.756 + 0.396 0.864 + 0.134 3.444 + 0.731 +
0.779 + 0.341 0.861 + 0.125 1.659 + 0.427 +
0.782 + 0.238 0.882 + 0.185 1.145 + 0.158 +
0.630 + 0.430 0.780 + 0.190 1.923 + 0.618 0.356 + 0.313
0.765 + 0.894 0.889 + 0.573 0.619 + 0.570 +
0.576 + 0.482 0.761 + 0.175 2.113 + 0.442 0.337 + 0.253
0.899 + 0.492 1.000 + 0.346 + 0.149 +
0.725 + 0.463 0.838 + 0.167 1.972 + 0.487 +
0.853 + 0.623 1.000 + 0.170 + 0.144 +
0.773 + 0.142 0.884 + 0.559 2.737 + 0.392 +
0.772 + 0.153 0.899 + 0.770 1.545 + 0.780 0.114 + 0.269
0.892 + 0.516 1.000 + 0.249 + 0.249 +
0.772 + 0.262 0.842 + 0.117 1.187 + 0.252 +
0.867 + 0.521 1.000 + 0.172 + 0.168 +
0.956 + 0.579 1.000 + 0.213 + 0.269 +
0.942 + 0.778 1.000 + 0.170 + 0.469 +
0.948 + 0.796 1.000 + + +
0.919 + 0.560 1.000 + + +
0.929 + 0.733 1.000 + + +
0.918 + 0.536 1.000 + 0.138 + 0.241 +
0.834 + 0.334 0.898 + 0.192 2.467 + 0.736 +
0.874 + 0.125 0.920 + 0.563 2.177 + 0.482 +
0.763 + 0.387 0.849 + 0.139 2.133 + 0.529 +
0.859 + 0.543 1.000 + 0.152 + 0.178 +
0.738 + 0.434 0.838 + 0.146 3.527 + 0.863 +
0.673 + 0.336 0.764 + 0.129 2.297 + 0.474 +
0.827 + 0.114 0.928 + 0.547 1.738 + 0.193 +
0.819 + 0.323 0.872 + 0.125 1.646 + 0.532 +
0.844 + 0.347 0.870 + 0.115 1.420 + 0.414 +
0.854 + 0.973 1.000 + 0.963 + 0.283 +
0.843 + 0.637 1.000 + 0.115 + 0.158 +
0.857 + 0.674 0.887 + 0.567 0.489 + 0.155 +
0.890 + 0.675 1.000 + + +
0.841 + 0.967 0.884 + 0.537 0.783 + 0.191 +
0.836 + 0.521 1.000 + 0.298 + 0.156 +
0.873 + 0.533 1.000 + 0.245 + 0.200 +
0.757 + 0.197 0.837 + 0.846 0.665 + 0.139 +
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50
51
52
54
55
56
57
59
60
61
62
63
64
65
66
67
68
70
71
74
75
76

0.893
0.797
0.798
0.754
0.797
0.927
0.876
0.868
0.786
0.839
0.668
0.855
0.843
0.795
0.818
0.866
0.858
0.896
0.687
0.197
0.618

0.948

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

High-resolution relaxometry of ubiquitin

0.261
0.176
0.673
0.397
0.525
0.583
0.170
0.987
0.359
0.119
0.320
0.516
0.214
0.359
0.247
0.641
0.713
0.756
0.188
0.620
0.396

0.162

0.886
0.863
1.000
0.836
0.842
1.000
0.984
1.000
0.868
0.896
0.749
1.000
0.986
0.872
0.856
1.000
1.000
1.000
0.829
0.647
0.513

0.298

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.159

0.111

0.153
0.185

0.592

0.119
0.543
0.166

0.158
0.125
0.964

0.531
0.428
0.388

0.685

1.298
0.789
0.152
2.964
2.322

1.766
0.159
2.958
1.846
1.578
0.135
1.626
3.134
1.337
0.158
0.896
0.133
1.598
1.457
1.374

0.495

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.277
0.285
0.915
0.577
0.537

0.457
0.320
0.756
0.337
0.677
0.116
0.468
0.782
0.527
0.184
0.169
0.253
0.162
0.280
0.294

0.985

0.356

0.457
0.518

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

0.336

0.145
0.120
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High-resolution relaxometry of ubiquitin

Table S11: Parameters of local dynamics in 3 mM ubiquitin (pH = 4.5; T = 296.5 K) derived from the analysis of relaxation data at all fields (0.5 to

residue

2

~ W

O 0 N o U

11
12
13
14
15
16
17
18
20
22
23
25
26
27
29
30
32
33
34
35
36
39
40
41
42
43
44
45
46
47
48

22.37)
s s Tioc Toc
0.683 + 0.179 0.822 + 0.697 1.939 + 0.125 +
0.876 + 0.576 1.000 + 0.847 + 0.365 +
0.892 + 0.519 1.000 + + +
0.772 + 0.252 0.829 + 0.123 1.615 + 0.389 +
0.833 + 0.153 0.967 + 0.165 1.247 + 5.179 +
0.746 + 0.300 0.852 + 0.190 2.140 + 0.324 +
0.633 + 0.339 0.837 + 0.470 1.888 + 1.546 0.122 + 0.280
0.535 + 0.229 0.737 + 0.668 3.123 + 0.295 0.319 + 0.132
0.553 + 0.214 0.776 + 0.113 1.999 + 0.264 0.198 + 0.334
0.451 + 0.267 0.716 + 0.649 3.385 + 0.499 0.323 + 0.134
0.618 + 0.436 0.759 + 0.122 3.643 + 1.565 0.242 + 0.244
0.738 + 0.322 0.843 + 0.128 1.976 + 0.324 +
0.694 + 0.537 0.813 + 0.155 3.652 + 0.775 +
0.670 + 0.347 0.855 + 0.855 4.288 + 0.491 +
0.719 + 0.321 0.880 + 0.236 1.525 + 1.652 0.138 + 0.897
0.744 + 0.268 0.847 + 0.924 2.579 + 0.255 +
0.812 + 0.149 0.854 + 0.666 0.917 + 0.151 +
0.732 + 0.232 0.836 + 0.867 2.222 + 0.262 +
0.727 + 0.182 0.853 + 0.567 2.865 + 0.235 +
0.913 + 0.532 1.000 + 0.929 + 0.426 +
0.885 + 0.600 1.000 + + +
0.882 + 0.644 1.000 + + +
0.900 + 0.994 1.000 + + +
0.867 + 0.189 0.942 + 0.176 1.955 + 5.963 +
0.759 + 0.474 0.878 + 0.122 4.157 + 0.795 +
0.855 + 0.541 1.000 + 0.569 + 0.197 +
0.670 + 0.314 0.819 + 0.916 3.458 + 0.386 +
0.894 + 0.263 0.854 + 0.193 1.160 + 0.399 +
0.819 + 0.430 0.864 + 0.169 2.127 + 0.994 +
0.683 + 0.347 0.766 + 0.136 2.253 + 0.471 +
0.595 + 0.214 0.837 + 0.582 4.375 + 0.196 +
0.768 + 0.238 0.856 + 0.786 2.376 + 0.329 +
0.795 + 0.244 0.866 + 0.926 1.629 + 0.358 +
0.824 + 0.621 0.933 + 0.234 0.818 + 2.552 +
0.830 + 0.386 0.894 + 0.178 0.578 + 1.217 +
0.824 + 0.275 0.867 + 0.113 1.394 + 0.396 +
0.868 + 0.114 1.000 + + +
0.723 + 0.298 0.839 + 0.994 2.230 + 0.312 +
0.759 + 0.152 0.821 + 0.531 1.772 + 0.129 +
0.695 + 0.256 0.825 + 0.948 2.128 + 0.299 +
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49
50
51
52
54
55
56
57
59
60
61
62
63
64
65
66
67
68
70
71
74
75
76

0.655
0.766
0.754
0.733
0.745
0.758
0.958
0.843
0.735
0.842
0.762
0.623
0.745
0.788
0.827
0.751
0.819
0.827
0.776
0.658
0.200
0.726
0.237

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

I+

High-resolution relaxometry of ubiquitin

0.190
0.188
0.548
0.354
0.268
0.256
0.857
0.322
0.345
0.784
0.185
0.280
0.259
0.275
0.564
0.295
0.149
0.484
0.273
0.538
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